Two-dimensional electronic systems play a crucial role in modern electronics and offer a multitude of opportunities to study the fundamental phenomena at low dimensional physics. A quantum well heterostructure based on polyaniline (P) and iodine doped polyaniline (I) thin films were fabricated using radio frequency plasma polymerization on indium tin oxide coated glass plate. Scanning probe microscopy and scanning electron microscopy studies were employed to study the morphology and roughness of the polymer thin films. Local electronic density of states (LDOS) of the P-I-P heterostructures is probed using scanning tunnelling spectroscopy (STS). A step like LDOS is observed in the P-I-P heterostructure and is attributed to the quantum well confinement of electrons in the polymer heterostructure.
Introduction
Recent progress in material science provides an opportunity for the fabrication of various artificial structures of nanometre sizes. Remarkable developments in nanotechnology in the past decades have almost reached the fundamental physical limits and the miniaturization threshold for electronic devices made of conventional semiconductors. This has accelerated the interest in nanostructured organic materials and devices which have the ability to control their properties on a molecular level [1, 2] . Conducting polymer nanostructures combine the advantages of organic conductors and low dimensional systems and therefore should yield many interesting physicochemical properties and useful applications.
Conducting polymers can respond to various external stimuli and hence represent a new class of 'intelligent materials' [3] . The unique optical and electronic properties of conducting polymers qualify them to become ideal materials 3 Author to whom any correspondence should be addressed.
for various technological applications such as light emitting diodes [4] , nonlinear optical devices [5] , field effect transistors [6] and flat panel displays [7, 8] .
Polyaniline (PANI) occupies a distinctive position in this category and is identified as a potential material with excellent electrical and optical properties and high environmental stability [9] . The ability to control the physical properties of polyaniline and the inherent stability of polyaniline thin films (P) make PANI an ingenious member suited for various optoelectronic device fabrications [10] . Various methods, namely electrochemical and plasma assisted polymerization techniques, can be employed for the fabrication of polyaniline thin films [11] . The composition, morphology and physical properties of the resulting polymers are strongly dependent on the method adopted for polymerization and reaction conditions. Plasma polymerization is a novel and inexpensive technique for the fabrication of quality polymer coatings [12] and thin films [13] . Organic monomer vapours can be polymerized at low temperatures using plasma treatment. This is a versatile technique to produce polymer thin films of organic compounds that do not polymerize under normal chemical polymerization techniques. Plasma polymer contains branched and randomly terminated chains with a high degree of cross linking. Chemical and electrochemical polymerization are the other two common methods used for obtaining polyaniline thin films.
Although plasma polymer thin films lack the ordered and repeating units of monomer chains, they have a definite edge over other conventional polymerization techniques such as chemical and electrochemical polymerization techniques, plasma polymer thin films are pinhole free, chemically inert, thermally stable and are also of uniform thickness. Moreover, the composition of the plasma polymerized thin films can be tailored by appropriate processing conditions such as monomer flow rate, pressure in the chamber, deposition time and plasma power and can be suitably modified to get films with unique properties and which are unobtainable from the other polymerization techniques [13] . Moreover, the conductivity of the plasma polymerized thin films can also be tailored by in situ doping with appropriate dopants such as iodine and hydrogen chloride [13, 14] . The high adhesive nature of polymer thin films can find applications in anticorrosive surfaces, humidity sensors, electrical resistors and optical filters [14] .
Doping of conducting polymers is normally resorted to for modifying the optical properties and is a unique, central and unifying theme of concept which distinguishes them from all other types of polymers [15] . The reaction of conducting polymers with iodine has historical importance and has led to a marked increase in the conductivity and modification of band gaps [6, 16, 17] . Although the halogenation of PANI using iodine and ring substitution of hydrogen atoms with iodine were reported [18] [19] [20] , the effect of iodine on the conductivity and molecular structure is not well explored. Moreover, dopants such as iodine and acid groups have a profound influence on modifying the physical properties of PANI [10, 12] and so in situ doping of iodine during the synthesis of PANI thin films assumes importance in engineering the band gap of PANI thin films. The reasonably high power conversion efficiency and inexpensive nature of semiconducting polymers attracted the scientific attention in realizing polymer based photovoltaic cells and electronic displays [21] . The possibility for better charge injection, confinement and re-excitation makes heterostructures an ideal candidate for various devices such as solar cells and other optoelectronic devices [22] . Because of their higher efficiency, ordered polymer heterostructures are promising candidates in this regard [21] . Different methodologies have been adopted by different groups towards the realization of efficient polymer based photovoltaics and displays. Bulk heterostructures, ordered polymer heterostructures and polymer multijunctions are some of them [21] . Spin casting of the polymer and an electron acceptor from a common solvent is the common method for the fabrication of bulk heterostructures. The key challenge in making efficient polymer photovoltaics is the assurance of the intermixing of polymer and acceptor materials at a length scale of less than the exciton diffusion length for better efficiency [21] . Moreover, the efficiency of the bulk heterojunctions is also limited by the random network that is formed through the rapid drying of the solution during the spin casting process. Ordered polymer heterojunctions play an important role in this regard and various oxide-polymer tubular structures were synthesized. Different routes such as melt infiltration, dip coating and polymerization were adopted to fill the ordered inorganic oxide nanopores synthesized via different routes such as electrodeposition and tracked etching [21] . These organicinorganic ordered nanostructures also lack efficiency and large area fabrication is not easily possible. Ordered organic-organic multijunctions are a viable alternative and the technique of RF plasma polymerization can be utilized to fabricate large area ordered structures. Scanning tunnelling microscopy/scanning tunnelling spectroscopy (STM/STS) is a versatile technique for investigating two-dimensional electronic systems in the nanometre scale [23] and can be used to study directly the electronic structure of nanometre scale polymer heterostructures.
Here, we report the fabrication of polymer heterostructures based on polyaniline and iodine doped polyaniline using radio frequency (RF) plasma polymerization. The structural and electronic properties of these polyaniline-iodine doped polyaniline-polyaniline (P-I-P) heterostructures are studied using scanning electron microscopy (SEM), atomic force microscopy (AFM) and STM. The quantum well formation in these heterostructures is studied using room temperature STS.
Experiment
A home-made RF plasma polymerization unit (figure 1) was used for the fabrication of polymer thin films. Plasma polymerization unit consisted of a long glass tube of length 50 cm and of diameter ∼8 cm, with provisions for passing monomer vapour, dopants and for evacuation. The pressure in the chamber was maintained at ∼10 −2 Torr. An indium tin oxide (ITO) coated ultrasonically cleaned glass plate is used as the substrate for polymer deposition. Aluminium foils of 2 cm width were used as electrodes and the inter-electrode separation was kept at 5 cm. A glow of discharge was obtained in between the electrodes by applying a high frequency of 13 MHz and a current of 70 mA. Uniform cold nitrogen plasma having an average power of 20 W was maintained in between the two electrodes using an RF generator. A monomer (double distilled aniline) was evaporated into the plasma chamber at a monomer vapour pressure of 0.1 Torr and was deposited onto the ITO coated glass substrate. The deposition was continued for 3 min to obtain a polymer film of average thickness ∼40 nm. Proper masks were employed for the creation of heterostructures. The following geometry (figure 2) was chosen for the fabrication of P-I-P heterostructures.
The doping of iodine was carried out in situ, and it ensures the stability of iodine in the polymer matrix.
A Dektak 6M thickness profiler was used to determine the thickness and surface roughness of the polymer thin films. Fourier transform infrared spectroscopy (FTIR, Nicolet Avatar, 360 ESP-FTIR) was employed to identify the molecular structure and the presence of iodine in the polymer. AFM (Digital Instruments Nanoscope) studies were conducted to probe the surface morphology and roughness of the polymer thin films. A UV-Vis-NIR spectrophotometer (JASCO V-750) was employed to evaluate the band gap of thin films. SEM (JEOL, JSM-6390LV) and STM were used to identify the morphology of the heterostructures. STS studies were carried out using an STM tip and were used to map the local density of states in the polymer heterostructures. STM/STS studies were carried out using a Veeco-Digital Instruments multimode scanning probe microscope operated under ambient conditions. All the STM/STS studies reported here were performed using tungsten tips. The STM images were recorded in the constant current mode at a sample bias of 1.91 V and a current set point of 1.146 nA. Figures 3(a) and (b) show the AFM images of the polyaniline (pristine), PANI thin film, in the height mode and the phase mode, respectively. The average surface roughness is found to be 4.25 Å (film thickness calculated using the thickness profiler is ∼40 nm), which indicates that the formed PANI film is highly uniform. Figures 4(a) and (b) depict the AFM images of the iodine doped PANI (thickness ∼30 nm) thin film in the height and phase modes. The average surface roughness was found to be ∼4.51 Å. The effect of iodine doping in the polymer structure is studied using an FT-IR spectroscope. Figure 5 shows the FT-IR spectrum of both the PANI and iodine doped PANI thin films.
Results and discussion
The frequency assignment for FT-IR spectrum is carried out and is tabulated in table 1.
The FT-IR spectrum of iodine doped PANI shows the shifting of its peaks because doping with iodine modifies the bond length of the functional groups [2] . The intensity of the spectral peaks is also shifted in the doped sample. This indicates the structural difference between the doped and the undoped polyaniline thin films. The structural modification due to the incorporation of iodine plays an important role in enhancing the conductivity of polyaniline [24] . The modification of the band gap in iodine doped PANI is further verified by measuring the UV-Vis absorption of both PANI and the iodine doped PANI thin films. Figure 6 shows the indirect band gap of PANI (pristine) and iodine doped PANI film derived from the Tauc relation [25] .
The shift in the band gap of the iodine doped PANI film (∼0.2 eV) indicates the modification of the band gap of PANI with the doping of iodine.
The time of deposition was varied to get sandwiched heterostructures (deposition time for iodine doped PANI (middle layer) was 2 min and that of PANI was 3 min) and the other processing parameters were kept constant and they were as follows: plasma power 20 W, monomer vapour pressure 0.1 Torr, applied frequency 13 MHz and applied current 70 mA. Figure 7 shows the SEM image of the heterojunctions.
The difference in contrast in the middle portion is clearly visible in the microscope picture. The STM images and the line scan of the P-I-P heterostructure are shown in figure 8 . The topographical images represent the height of the tunnelling tip above the sample. The images presented here are digitally filtered to remove the low frequency noises. The maxima in the STM image correspond to both topographical protrusions on the surface and increased local density of states. STM image is taken from a 3 µm × 3 µm area of the sample. The STM image was recorded with an optimum value of tunnelling current of 1.146 pA and a bias voltage of 1.91 V in the constant current mode. Figure 8(a) represents the 3D STM image in constant current mode. Figure 8(c) represents the typical line scan carried across a heterojunction (P-I) through the marked portion in figure 8(b) . The line scan indicates ( figure 8(c) ) that the thickness of the P layer is ∼30 nm, which is in agreement with that obtained from the thickness profiler for single films.
After achieving stable and repetitive STM images, the instrument was switched on to the STS mode to acquire the I -V characteristics. STS studies have been carried out to probe the local electronic density of states (LDOS) and the band gap of polymer surfaces at the nanometre scale. An STS measurement results in current versus voltage I (V ) characteristics, indicating the electronic structure at a specified (x, y) location. Figure 9 (a) shows the schematic of STS measurement by placing the STM tip over the PANI film and sweeping the bias voltage from −3 to 3 V, between the STM tip and the ITO substrate. Figure 9 (b) depicts the I (V ) plot of the P-I-P heterostructure measured using STS.
The tunnelling current I is measured as the sample voltage V is ramped from −3 to 3 V. The spectral features manifest the density of states in the studied heterostructure [26] . The dI /dV spectrum is normalized by the average conductance (I/V ) to cancel the exponential dependence of the tunnelling coefficient on V and the tip-sample separation and to avoid the divergence of (dI /dV )/(I /V ) at the band edge. So (dI /dV )/(I/V ) as a function of V is a good representation of the local density of states (LDOS) as a function of energy and is shown in figure 10 .
The Fermi level is located at V = 0 eV. Below the Fermi level (negative voltage range) are the valence band states and the positive voltage represents the conduction band states. It is evident from figure 10 that LDOS in the conduction (or valence) band has a step-like energy dependence. The steplike energy dependence is due to the quantum confinement of electrons in the heterostructure and is a signature of quantum well-like confinement. The clear step-like energy dependence reveals the presence of sub-band states in the LDOS [27] . Normalized conductance at V = 0 eV provides a measure of the LDOS at the Fermi level, and it is found to be ∼0.037. This indicates a finite density of states at the Fermi level and formation of ordered nanoscopic structure in the P-I-P heterostructure [26] . Increase in the normalized conductance at the extreme voltages corresponds to the valence band and conduction band edges. The reported quantum well structures were those of semiconductors and they exhibited a step-like LDOS in the STS studies at much lower temperatures [27] and hence the quantum well confinement. Ruckh et al reported an energy band model calculation, based on the Huckel theory, for polydiacetylen (PDA) polyacetylen (PA) heterostructures [28] . These studies indicate that polymer superlattices can also behave like semiconductor heterostructures. These kinds of polymer quantum well structures are not only promising materials for various optoelectronic devices and displays but also offer a platform to investigate phenomena like quantum confinement and impurity state resonance.
Conclusions
A heterostructure based on polyaniline and iodine doped polyaniline (P-I-P) has been fabricated using RF plasma polymerization. The formation of heterostructure is verified using SEM and STM. The STS studies were carried out on the P-I-P heterostructure and the subsequent evaluation of LDOS confirmed the formation of quantum well heterostructures. This is presumably the first experimental report on the quantum well confinement in polymer heterostructures and these kinds of heterostructures can find applications in polymer based optoelectronic devices and sensors.
